INTRODUCTION
An outbreak of severe acute respiratory syndrome that killed 774 of the 8,096 people 1 transmission of SARS-CoV was likely responsible for the outbreak, and the virus infects multiple species. Human angiotensin-converting enzyme 2 (ACE2) is a functional receptor for SARS-CoV. 2 Coronavirus spike-receptor interactions are major determinants of species specificity, and transfection of viral genomic RNA or expression of receptors in nonpermissive cell lines usually results in productive infection. Our hypothesis is that species-specific differences in ACE2 are important in SARS-CoV infection, and analysis of ACE2 orthologs will permit the identification of regions of the receptor that are critical for virus entry. We analyzed cell lines that were derived from numerous species for their susceptibility to SARS-CoV. Cell lines derived from human, monkey, and mink were permissive to SARS-CoV and ACE2 RNA transcripts were detected in all of these cell lines. ACE2 RNA was also detected in nonpermissive dog (Canis familiaris) and chicken (Gallus gallus) cells. We used regions conserved between human ACE2 (hACE2) and mouse ACE2 to amplify regions of ACE2 from diverse species by RT-PCR and 3'RACE. Sequence analysis demonstrated that dog ACE2 had 87% nucleotide identity and 81% amino acid identity with hACE2, and chicken ACE2 has 79% nucleotide identity and 62% amino acid identity with hACE2. The ACE2 open reading frames from dog and chicken cDNA clones were subcloned into eukaryotic expression to analyze their function as SARS-CoV receptors.
Background
Most coronaviruses (CoVs) have a very narrow host range. 3 SARS-CoV, however, was isolated from a number of animals naturally, including several Himalayan palm civets, a raccoon dog, 4 and a pig. 5 SARS-CoV does not appear to be enzootic in these animals, and the natural reservoir of the virus has not been identified. SARS-CoV also infects multiple species experimentally, including nonhuman primates, ferrets, cats, mice, and hamsters. [6] [7] [8] SARS-CoV is an enveloped, single-stranded virus with a positive-sense 29.7-kb mRNA-like genome. CoVs have type 1 membrane glycoproteins, called spike, that project from their surface. Spike (S) interacts with cellular receptors and mediates binding and subsequent fusion of the viral envelope with the host cell membrane. 3 Sreceptor interactions are a major determinant of species specificity, and of pathogenesis of CoVs. 3 Human ACE2, a zinc-containing carboxypeptidase, was identified as an efficient receptor for SARS-CoV. 2 CD209L was also recently shown to be a functional receptor for SARS-CoV, but it was a less efficient receptor than hACE2. 9 Although some regions of S and ACE2 that are important in virus binding were recently identified, 10 much remains to be learned about binding of SARS-CoV, and its fusion with the host cell membrane.
The goals of this study were to determine whether ACE2 transcript is produced by permissive and nonpermissive cells derived from diverse species and to use speciesspecific differences in ACE2 to identify amino acids or other post-translational modifications critical for SARS-CoV binding and/or fusion.
RESULTS AND DISCUSSION
Cell lines derived from monkey (VeroE6, pRhMk, and pCMK), human (HRT-18, HEK293T, and Huh-7), mink (Mv1Lu), dog (MDCK), cat (CRFK), hamster (BHK-21), and chicken (CEF) were analyzed for susceptibility to SARS-CoV. 11 VeroE6, pRhMK, pCMK, HEK293T, Huh-7, and Mv1Lu were susceptible to SARS-CoV, whereas MDCK and CEF were not permissive to SARS-CoV. 11 To determine whether ACE2 mRNA was expressed by permissive and non-permissive cells, we designed primers for RT-PCR based on consensus sequence alignments between mouse ACE2 and hACE2. One-step RT-PCR (Gillim-Ross, et al., this volume), was used to amplify a region of ACE2 transcript corresponding to nucleotides 902-1548 of hACE2. ACE2 RNA was detected in all of the permissive cells derived from monkey, human, and mink, and it was not detected in CRFK cells ( Figure 1A) . Dog (MDCK) and chicken (CEF) cells expressed ACE2 RNA, but are not permissive to SARS-CoV ( Figure 1A) . This data suggests that dog ACE2 and chicken ACE2 may have amino acid or other differences, which inhibit their function as SARS-CoV receptors. Alternatively, SARS-CoV infection may be inhibited after binding and/or fusion of the virus. To identify regions of ACE2 that are unique in the nonpermissive species, we amplified overlapping fragments of the predicted open reading frames (ORFs) from dog and chicken ACE2 by RT-PCR, using consensus primers. The nucleotide sequence of these amplicons was used to generate oligonucleotide primers specific for the dog and chicken ACE2 ORFs. The phylogenic relationship of the ACE2 ORFs from human, Himalayan palm civet, mink, cow, mouse, rat, pig, dog, and chicken was analyzed ( Figure 1B) . The predicted ORF for hACE2 encodes an 805-amino-acid protein. Among mammalian species, the predicted ACE2 protein had strong amino acid conservation, which ranged from 95% (African green monkey) to 81% (mouse) identity with hACE2 ( Figure 1B) . Chicken ACE2 showed the greatest divergence from hACE2, and had only 62% amino acid identity. Comparison of hACE2 with dog or chicken ACE2 showed 145 or 305 amino acid differences, respectively. Intriguingly, dog ACE2 showed 90% amino acid identity and 92% similarity with mink ACE2, which is a functional SARS-CoV receptor (Heller et al., this volume) . Thus, the limited amino acid differences between dog and mink ACE2 block SARS-CoV entry, or MDCK cells are resistant to SARS-CoV because of inhibition of at another stage of virus replication. To investigate this further, we tested another dog cell line (A72) and nonpermissive BHK-21 cells, transfected with a dog ACE2 expression construct, for their susceptibility to SARS-CoV. Our preliminary results suggest that dog ACE2 also functions as a SARS-CoV receptor (data not shown).
We used the crystal structure of hACE2 12 to analyze differences between efficient and inefficient SARS-CoV receptors. Amino acid differences between human and dog, or human and chicken ACE2 were mapped on the crystal structure of hACE2 using Cn3D version 4.1. 13 We used multiple sequence alignment of efficient and poor receptors, combined with difference mapping on the hACE2 structure, to identify specific residues or post-translational modifications within ACE2 that may be critical for SARS-CoV entry. Lysine 353 of hACE2 was recently shown to be important in the binding of an S1-Ig fusion protein (SARS-CoV S1 domain fused to the Fc domain of human IgG1). 10 This residue is a histidine in mouse and rat ACE2, which are less efficient SARS-CoV receptors. 10 Our data indicate that human, monkey, palm civet, mink, cow, pig, dog, cat, and chicken ACE2 all have K353. Yet, some of these molecules (e.g., chicken ACE2) appear to be poor or nonfunctional SARS-CoV receptors. Therefore, additional residues and/or post-translational modifications are influencing species specificity of SARS-CoV. Li et al., also showed that K31, Y41, MYP 82-84, D355, and R357 affect binding. 10 Our data suggest that additional residues such as T20, H34, S113, T122, D136, H228, E232, E233, A246, E329, V339, G354, P426, N432, K465, M474, N572, D629, and WND 635-637 may have a role in ACE2 receptor activity (see also Heller et al., this volume). We also identified differences in putative N-linked glycosylation sites at amino acids 216-218, 280-282, and 299-301 that could influence SARS-CoV entry. Chicken ACE2 has a potential glycosylation site at amino acids 280-282. In contrast, efficient SARS-CoV receptors such as, human, monkey, palm civet, and mink ACE2 don't contain a putative glycosylation site at 280-282. Differences in glycosylation can have dramatic effects on virus receptor activity and were shown to be species-specific determinants of Group1 CoV receptor CD13. 14 Additionally, glycosylation of rat ACE2 at N84 decreases binding of SARS-CoV S1-Ig fusion protein. 10 The data demonstrate that cells derived from diverse species express ACE2 RNA transcripts, and some ACE2 RNA positive cell lines were not permissive to SARS-CoV. Multiple sequence alignment of ACE2 orthologs, combined with mapping the amino acid substitutions on the crystal structure of hACE2, was used to identify 24 residues that may influence SARS-CoV receptor activity. Site-directed mutagenesis of ACE2 expression constructs is being used to determine how specific amino acids, or post-translational modifications, influence binding and/or fusion of SARS-CoV.
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